Circularized DNA species containing two long terminal repeat circle junctions were analysed in peripheral blood mononuclear cells of human immunodeficiency virus type 1 (HIV-1)-infected individuals. The circle junction fragments found could be classified into four groups: fragments containing a normal circle junction, fragments with deletions at the circle junction, fragments containing the primer binding site inserted at the circle junction, and fragments containing insertions at the circle junction derived from other regions of the HIV-1 genome.
Entry of a retrovirus into a host cell is followed by the reverse transcription of the viral RNA genome into dsDNA (Varmus & Swanstrom, 1984; Coffin, 1990; Panganiban & Fiore, 1988; Varmus, 1988) . Three species of unintegrated viral DNA have been characterized: a linear molecule, flanked by long terminal repeat (LTR) copies at each terminus, and two circular forms containing either one or two LTRs. The linear form is thought to be the substrate for integration (Shank & Varmus, 1978; Brown et al., 1987 Brown et al., , 1989 Fujiwara & Mizuuchi, 1988; Roth et al., 1989; Ellis & Bernstein, 1989; Lobel et al., 1989) . Retroviral integration involves the removal of 2 bp from the 3' ends of the viral DNA by the viral integrase. Subsequently, the target DNA is cleaved and its 5' ends are ligated to the recessed 3' ends of the viral DNA (Brown et al., 1987 (Brown et al., , 1989 Roth et al., 1989; Fujiwara & Mizuuchi, 1988; Dhar et al., 1980; Shoemaker et al., 1980; Kulkosky & Skalka, 1990; Bushman & Craigie, 1991) .
The nucleotide sequence of the ends of the linear viral DNA has been deduced by analysis of the junction present in circularized DNA species containing two LTRs. Recently, such 2-LTR circles have been detected and studied in cells infected by human immunodeficiency virus type 1 (HIV-1) (Hong et al., 1991; Whitcomb et al., 1990; Smith et al., 1990; Kulkosky et al., 1990; Pauza, 1990) . It has been shown that most of the HIV-1 2-LTR circle junction sequences were identical to those at the ends of the provirus (Ratner et al., 1985) , except for the addition of four nucleotides (nt), GTAC, at the centres of the junction. The 2-LTR circles containing this circle junction are considered to be the normal ligation product of the preintegrative linear viral DNA. As well as the circle junctions containing the 0001-0678 © 1992 SGM additional nucleotides GTAC, 2-LTR circle junctions have been found with deletions or insertions (Hong et al., 1991 ; Smith et al., 1990; Kulkosky et al., 1990) . All the sequences reported have been derived from in vitro infected cell lines, in which the 2-LTR circles could easily be detected by the polymerase chain reaction (PCR) (Saiki et al., 1988; Ou et al., 1988) . In the present study, the prevalence of 2-LTR circles was determined in peripheral blood mononuclear cells (PBMCs) of HIV-1-infected individuals. The 2-LTR circle junctions were amplified by PCR and their character was determined by sequence analysis. Our results were compared to data obtained from in vitro studies and demonstrate some aspects of HIV-1 reverse transcription in in vivo infection.
Blood samples were obtained from 21 individuals, two of whom were acutely infected with HIV-1 and 19 who had been infected long-term (> 4 years) (de Wolf et al., 1988) . A total of 45 samples was studied. PBMCs were isolated by centrifugation on Ficoll-Hypaque and cells were lysed in 5 M-guanidinium thiocyanate (Boom et al., 1990) . Cellular DNA was bound to glass particles, which were washed once with guanidinium thiocyanate, twice with 70% ethanol and once with acetone. DNA was eluted from the glass particles with 10 mM-Tris-HC1, 1 mM-EDTA pH 7-5. The 2-LTR circles were detected by PCR amplification of a fragment of approximately 230 bp, using primers that span the circle junction. Amplification was performed in 50 m~-KCI, 10 mM-Tris-HC1 pH 8.3, 0.01 ~ gelatin, 1.5 mM-MgC12, 200 ~tM of each dNTP, 12 pmol of each primer and 2 units of Taq polymerase (Perkin-Elmer Cetus) in a total volume of 100 ~tl. To increase the sensitivity of detection, a fraction of the amplified DNA was subjected to a second round of amplification using a second, nested set of primers. The MgClz concentration was raised to 2.8 mM to achieve optimal amplification conditions using this set of primers. The amplified fragments were identified by gel electrophoresis, blotting to a nylon membrane (ZetaProbe) and hybridization to an HIV-l-specific probe. The primers used in the nested P C R contained a B a m H I and a XbaI restriction enzyme cleavage site to facilitate cloning of the amplified fragments into the vector pGEM7. Nucleotide sequencing was performed using the Sequenase-2 kit according to the manufacturer's instructions (U.S. Biochemicals).
Our P C R results showed that 2-LTR circles were present in small amounts in the PBMC samples of HIV-l-infected individuals. Although the nested PCR made detection possible down to the one molecule level, no 2-LTR circle junctions could be detected in 12 of the 45 samples. Only three samples contained an amount of 2-LTR circles that allowed detection after one round of P C R amplification. Of the 33 positive samples, 23 showed fragments of the size predicted for a normal 2-LTR junction fragment (230 bp), and 10 showed fragments of irregular size. Most samples contained multiple HIV-l-specific fragments (Fig. 1 ). These length polymorphisms were found in samples obtained from the acutely infected individuals as well as the long-term infected individuals. Three sequential samples obtained from patient 0232 were subjected to P C R analysis in duplicate. It was found that for all three time samples the fragment sizes differed in both experiments (Fig. 2 , compare a and b). This result suggests that single molecules gave rise to the circle junction fragments found, depending on the portion of PBMC D N A which was transferred into the PCR. In addition, comparison of the number of the 2-LTR circle junctions with the total number of HIV-1 copies present in the PBMC samples analysed (Jurriaans et al., 1992) , demonstrated that the 2-L T R circles contribute to the total amount of HIV-1 D N A to only a minor extent.
Several circle junction fragments of regular and unexpected size were cloned and sequenced (Fig. 3) . Summarized results are shown in Table 1 . The circle junction fragments found in the PBMC D N A of HIV-1-infected individuals can be classified in four groups: fragments containing a normal circle junction (with one or more of the additional junction nucleotides), fragments with deletions at the circle junction, fragments containing a small insertion at the circle junction, and fragments with large insertions at the circle junction derived from other regions of the H I V genome. The possible origin of the different circle junctions is discussed below.
Of the 23 clones sequenced, only four (0581-2 and 0232-2; Fig. 3 (Myers et al., 1989) . Specificity of the fragments was determined by hybridization to a digoxygenin-labelled HIV-Ispecific probe and exposure to X-ray film (DIG-chemiluminescence system; Boehringer). The fragments that were cloned and sequenced are indicated and their sequence is given in Fig. 3 . The predicted size for a 2-LTR circle junction was 230 bp (lower fragments). The other fragments indicated have sizes of 360 bp (0105) and 490 bp (0182). The marker (M) used was HpalI-digested pGEM7. . The nt sequence was determined from the fragments derived from samples 1, 2 and 3 in (a) and from sample 3 in (b) (see Fig. 3 ). The marker (M) used was HpalI-digested pGEM7.
the additional nts GTAC. The nts G and AC are generated by the position of the primers during reverse transcription. For HIV-1 the plus-strand primer ends two nt (AC) from U3, and one nt (G) separates the t R N A primer binding site and U5. argued that the extra nt T is derived from the tRNA primer by failure of RNase H to remove the terminal adenine ribonucleotide of the primer from the completed DNA. Occasional removal of this ribonucleotide by RNase H would generate a circle junction lacking the T. Two clones (0346-b) were found that could be explained in this way. Another two clones were found which had only the additional G and C, and one clone with only an additional G. These species might have arisen from partial integrase activity and intramolecular ligation, instead of ligation into the host genome (Brown et al., 1989; Roth et al., 1989; Bushman & Craigie, 1991) . A number of clones were found which contained deletions that either spanned the circle junctions (0232-2) or terminated precisely at the U3-U5 boundary (0581-1). Such deletions have also been described in in vitro studies (Hong et al., 1991 ; Kulkosky et al., 1990) . Deletions have been reported at high frequency in unintegrated murine or avian retroviral DNAs (Ju & Skalka, 1980; Katz et al., 1982; Olsen & Swanstrom, 1985) and are most easily explained as arising from incorrect priming or from exonucleolytic digestion of one or both ends of the viral DNA before ligation.
Small insertions between the additional nts GTAC, which were most probably derived from the primer binding site (PBS), were found in four clones. The insert GGC in sample 0581-3 is exactly the first three nts of the PBS. In three clones from sample 0182-a, 14 nts of the PBS (i.e. almost the entire PBS) had been included in the circle junction. These sequences can be explained by incomplete removal of the tRNA primer after generation of plus-strand strong-stop DNA during reverse transcrip-tion (Colicelli & Goff, 1986 , 1988 . If the tRNA primer is partially removed by RNase H, the sequence will be copied during plus-strand DNA synthesis and become enclosed between the LTRs after ligation. An alternative explanation for the origin of these clones is failure of the strong-stop DNA to translocate to the 3' end of the minus-strand.
Finally, a number of clones which contained large insertions between the circle junction were analysed. Three clones contained gag sequences enclosed by the LTRs [ending at nt 263 (0182-b) and nt 908 (0232-3b) respectively in gag] and four clones contained nef sequences enclosed by the LTRs [137 nt (0105-b) and 167 nt (0232-3a) respectively of the nef gene]. A similar clone, containing a 342 nt gag insert, was found in HIV-l-infected H9 cells by Hong et al. (1991) . Pauza & Galindo (1989) have described the occurrence of selfintegrated extrachromosomal HIV-1 DNA with high Mrs in chronically infected cells of the monocyte/ macrophage lineage. The insertions found between the two LTRs might be derived from such self-integrated HIV-1 molecules, and can be considered to be a class of molecules distinct from the 2-LTR circular species. Similar murine leukaemia virus and copia clones have also been interpreted as arising from integration of one viral DNA into another (Flavell & Ish-Horowicz, 1983; Shoemaker et al., 1981) .
Our results show that 2-LTR circles in PBMCs of infected individuals are present in low amounts and represent only a minor fraction of the total HIV-1 DNA. In both tissue culture DNA (Hong et al., 1991; Whitcomb et al., 1990; Kulkosky et al., 1990) and in brain cell DNA derived from AIDS dementia patients (Pang et al., 1990) , the LTR-LTR junctions were detected after one round of PCR amplification. This can be explained by the presence of substantially higher amounts of total viral DNA in these samples compared to the HIV-1 DNA load detected in PBMC DNA (Pang et al., 1990) . However, as in PBMCs, the 2-LTR circles again represent a minor fraction of the total HIV-1 DNA (Pang et al., 1990) . The majority of the in vitro derived circle junctions were intact and the LTRs were joined by the nts GTAC. Although in most of the PBMC samples fragments of the predicted size were detected, sequence analysis revealed that in these fragments one or more of the junction nts were frequently deleted. Many fragments contained deletions or insertions at the circle junction. These fragments most probably originated from aberrant reverse transcription or autointegration events. It is evident that a large proportion of the 2-LTR circular molecules in the PBMC DNA of infected individuals are mutated at the circle junction and numerous PBMC samples contain viral DNA products resulting from errors in the replication. These DNA molecules might be considered as dead ends with regard to integration into the cellular genome, but might still be able to give rise to viral transcription.
